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22
Coastal aquifers are complex zones due to the combined influences of oceanic (waves and tides) oscillations 23 and inland groundwater forcing. They are also of significant societal importance for, at least, two main 24 reasons. Firstly, groundwater discharge from coastal aquifers can transport material (e.g. pollutants) from 25 the land to the sea, often at much higher concentrations than in rivers (Windom and Niencheski, 2003) . For 26 example, nutrient enrichments of coastal waters has been attributed to groundwater input by a number of 27 researchers and can significantly impact coastal ecosystems (Slomp and Cappellen, 2004; Rao and Charette, 28 2012). Secondly, saltwater intrusion, which is the ingress of salt water into coastal aquifers, is becoming 29 increasingly widespread and may pose significant problems for agriculture, drinking water supply and fresh 30 water ecosystems (e.g. Andersen et al., 2007) . The key factors controlling these two processes are the gradient 31 of the coastal water table and the hydraulic conductivity of the sediment matrix. Significant research efforts 32 intertidal zone. Freshwater exits around the low tide level, and the intense region of mixing between the 48 upper saline plume and the freshwater outflow is known as the sub-terranean estuary (Cooper Jr, 1959;  49 Robinson et al., 2006) . Mixing processes in the sub-terranean estuary are considered of great importance to 50 the fate of contaminants and pollutants.
51
Measurements of the tide-induced groundwater level variations (specifically, the attenuation and time 52 lag of the tidal groundwater signal) can offer important information on the aquifer properties, especially the 53 transmissivity and the hydraulic conductivity (e.g. Erskine, 1991; Trefry and Johnston, 1998; Corbett et al., 54 2000; Zhou, 2008) . The approach generally used for this purpose is the solution to the one-dimensional 55 unsteady groundwater flow model in a confined aquifer, which further assumes that the beach is vertical 56 and that the aquifer is uniform. Strictly speaking this method is only applicable to confined aquifers, but 57 it may also be used for unconfined aquifers if the amplitude of the tidal groundwater table fluctuations are 58 small compared to the depth of an unconfined aquifer and if the observations are made sufficiently far from 59 the intersection between the beach and the groundwater table (Millham and Howes, 1995) .
60
The hydraulic head of the groundwater fluctuates with the tide, but with an amplitude attenuation and 61 phase lag that increase moving landwards from the shoreline. Equation (1) is the standard solution to the 62 one-dimensional unsteady groundwater flow model (e.g. Fetter, 1988; Todd, 1980) ,
63
H(x, t) = H 0 exp −x πS t 0 T sin 2πt t 0 − x πS t 0 T
where H is the hydraulic head of the aquifer (m), x is distance from the shoreline (m), t is time (d), H 0 is 64 the tidal amplitude (m), t 0 is the tidal period (d), T is transmissivity (m 2 d −1 ) and S is the specific yield of the aquifer (dimensionless). Fig. 1 defines the aquifers and water levels in the problem coordinate system 66 for a typical coastal gravel barrier cross-section as observed on the southwest coast of the UK.
67
The amplitude of the water level fluctuations in a cross-shore transect H(x), for example measured using 68 a series of groundwater wells, is related to H 0 by the tidal efficiency factor (T E), described by the first term 69 on the RHS of Equation (1):
Equation (2) shows that T E decreases exponentially with distance landwards and the damping constant β 71 is described as:
The temporal lag (t L ) in the arrival of the tidal signal at some distance landward of the shoreline is described by a rearrangement of the second term on the RHS of Equation (1):
Equation (4) shows that t L increases linearly with x, and the slope a is described as:
Hydraulic conductivity K is a property of both the porous media and the flowing fluid and is calculated 76 from its relationship with T (Fetter, 1988):
where b is the saturated aquifer thickness (m). The solution to Equation (1) To illustrate the range of water levels observed within the groundwater, lagoon and ocean at Slapton, Fig appear to be at the seasonal and storm-event scales only.
170
The energy spectrum of the ocean water level fluctuations at Slapton was computed from the average 
174
The two-week deployment at Loe Bar reveals groundwater oscillations at the semi-diurnal, spring neap 175 and storm-event timescales; the lagoon level is steady over these timescales ( The tidal damping method, Equations (2) and (4), was used to determine T E and t L for each of the 182 boreholes over 12.4 hour periods resulting in >700 temporal observations. T E was computed as the ratio 183 of the the standard deviation of the water level in the borehole to the standard deviation of the ocean tide 184 level, thereby using all of the data rather than just peak amplitude readings (Erskine, 1991) . The temporal 185 lag t L was computed from the cross-correlation of the water level in each borehole with the ocean tide 186 elevation, and defined as the temporal lag corresponding to the strongest positive cross-correlation peak.
187
The cross-shore distance x for each borehole, was defined as the mean distance from each borehole to the 188 intersection of the ocean tidal elevation with the beach profile for that 12.4 hour period.
189
The relationship between tidal damping and distance from the shoreline is plotted in Fig. 6 . Five large shoreline as suggested by Equation (1) and by e.g. Erskine (1991); Turner et al. (1997) .
195
The slopes of the regression analysis provide the damping coefficient (β = -0.0193 m −1 ) and slope (a = 196 1.534 min m −1 ). Utilising Equations (3) and (5) with t 0 = 12.41 hours and S = 0.25 (standard value for 197 medium gravel; e.g. Morris and Johnson (1967); Heath (1983) ), T is calculated as:
Hydraulic conductivity K was calculated using Equation (6) (Fig. 7) . Using the same values for t 0 and S as for Slapton, T is estimated as: The rise and fall of the ocean water level at the beachface forces similar variations within the groundwater oscillations are also skewed, displaying a faster rise during the flood tide and slower decay during the ebb.
227
To estimate the local hydraulic gradient, a 2-point method was used, whereby the measured head between 228 adjacent pairs of sensors was differenced and normalised by the cross-shore separation between the pairs.
229
For the spring tide case (Fig. 8) , the ocean tidal elevation begins to exceed the elevation of the ground- respect to the ocean tide is similar.
239
At Loe Bar, the horizontal hydraulic gradients follow the same trends as at Slapton, but are significantly 240 smaller (Fig. 9) . During spring tide conditions, the maximum offshore-directed gradient is dh/dx = 0.02, 50
241
% of that observed at Slapton; the maximum onshore-directed gradient is 20 % of that at Slapton (−dh/dx = 242 0.01). During neap tides, the offshore-directed gradient is dh/dx = 0.01 and the onshore-directed gradients 243 are negligible. and is given by:
where Q is the volume of water that flows through cross-section A per unit time, under the local hydraulic 248 gradient dh/dx. The constant of proportionality K is the hydraulic conductivity. Estimating K as 0.01, the
249
Reynolds number is <10, so Slapton and Loe Bar remain within the acceptable limits for assuming Dacian 250 flow.
251
The cross-barrier discharge at Slapton was determined by summing Q computed between each pair of 252 wells (excluding the Ley sensor) with equation (7) and then averaging over consecutive 24-hour periods (Fig.   253 10a). The mean daily discharge was computed as 1. At Slapton, groundwater conductivity measurements were made in the three seaward-most boreholes and 269 act as a proxy for salinity ( Fig. 11 ; Table 2 ). The specific conductivity of the ocean water was measured as is not the case at the lagoon shoreline. Fig. 13a -b plot the envelopes of groundwater and lagoon water levels 294 and highlight that the groundwater level remains significantly lower than the lagoon level; extrapolating the 295 mean water surface between these points results in unrealistically large hydraulic gradients.
296
In the region close to the edge of the lagoon, where no boreholes were present, observation pits were 297 excavated to determine the depth of the water table (Fig. 13c) . At Loe Bar, this pit was excavated to a 
302
The observations at Slapton were similar.
303
Observations suggest that the bottom of the lagoon is impermeable in the region adjacent to the shoreline saline plume driven by tide-and wave-induced circulation and a lower lagoon-driven freshwater discharge.
316
It is also observed that the groundwater table is decoupled from the lagoon shoreline, which may have 317 significant implications for the numerical modelling of such environments.
318
Barrier groundwater levels at both field sites were observed to fluctuate principally at the semi-diurnal forcing. To determine the net discharge a Darcian approach was followed whereby the aquifer properties 325 and hydraulic gradients were quantified.
326
The aquifer properties including the hydraulic conductivity K were computed at Slapton and Loe Bar 
342
The present unconfined aquifer allows variations in transmissivity, which result from fluctuations in the 343 phreatic surface (Erskine, 1991) . Combining this with the suggestion from the present data and previous 
368
The net barrier discharge is principally due to the lagoon-driven discharge as indicated by the strong 369 correlation between lagoon-level and daily discharge. During spring tides there is a decrease in net discharge,
370
although the head differences between the groundwater and ocean are maximised, and the hydraulic gradients 371 are large. This is somewhat contrary to the increased discharge observed shortly after large wave events. It mounding of water at the edge of the lagoon as the inflowing tidal waters hold-up the out-flowing freshwater.
377
The wave-induced circulation is expected to be conceptually similar to that of the ocean tide, but with wave events and barrier discharge with a 1-day lag. This is probably due to the wave events blocking up the 381 outflow drain from Slapton Ley. The drain is the principal outflow route from the lagoon weir (e.g. Burt
382
and Heathwaite, 1996) and it flows from a narrow tunnel across the beach at the southern, Torcross, end of 383 the barrier; it is hence vulnerable to being effected by wave-driven morphological change on the beachface.
384
The blockage of the drain is subsequently followed by a rapid increase in the water level of the lagoon, which 385 is observed in Fig. 4 and thus an increase in the net seaward-directed hydraulic gradient and discharge.
386
Conductivity measurements within the boreholes indicate that there is very limited potential for saline 387 intrusion into the lagoons at Slapton or Loe Bar via the groundwater pathway. At Slapton, significant semi-388 diurnal variation was observed in the two seaward-most bore holes (BH4-5), but the maximum conductivity 389 measured at BH5 was an order of magnitude less than the seawater and the mean value 2 orders less.
390
The conductivity reduced rapidly moving landwards and by BH3 was consistent with the Ley waters and 391 displayed no semi-diurnal and very minimal wave-induced variability. The measured conductivity across all 392 bore holes at Loe Bar was very low with little spatial or temporal variability. Overall the measured limit of 393 saline intrusion from the mean shoreline at Slapton was 86 m (BH3). At Loe Bar, the landward boundary 394 was a maximum of 129 m (BH3) from the shoreline.
395
It was observed at both field sites that at the lagoon edge the water table was around 2 m below the ground 396 surface and thus the shoreline of the lagoons were decoupled from the groundwater table. Clearly the lagoons 397 and the groundwater are coupled, since it has been shown that the elevation of the lagoons are of first-order 398 importance in driving subterranean groundwater discharge through the barrier, but this finding suggests 399 that they are coupled at some depth and it is seepage through the base of the lagoon that is important.
Turner and Masselink (2012) and lagoon elevation and conductivity, and oceanic tide and wave forcing were monitored using pressure 415 transducer-logged boreholes and gauges for 1-year at Slapton Sands and 2-weeks and Loe Bar, respectively.
416
It is concluded that: Time series of groundwater conductivity (blue lines, right axis, log-scale) and groundwater level (black lines, left axis) measured in boreholes BH1-BH3. The horizontal dashed black line indicates the measured log-scale seawater conductivity and the dot-dash line the lagoon conductivity. Note that the time periods for panels 1 and 2, and 3 and 4, respectively, are coincident. The gaps in the conductivity record are due to the sensor drying out. 
